similar to those in sympathetic neurons. Like sympathetic neurons they are innervated by cholinergic and peptidergic axons from preganglionic neurons located in the intermediolateral column of the spinal cord. However, morphologically they can be easily distinguished from sympathetic neurons, resembling endocrine cells by their very large storage vesicles, the ''chromaffin granules'', and lack of neurites. A substantial subpopulation of chromaffin cells synthesizes adrenaline, which is not produced by mammalian sympathetic neurons. Chromaffin cells and their secretory products play crucial roles in a variety of homeostatic mechanisms, as, e.g. liver metabolism and vascular perfusion (for reviews cf. Coupland, 1965; Blaschko et al., 1975; Unsicker, 1993; Bornstein et al., 2012) .
Chromaffin cells have taught us multiple lessons in basic principles of cell biology, from exocytosis, cell trafficking and neuropeptide processing to regeneration (Bornstein et al., 2012) . In developmental biology, chromaffin cells have served -and continue to serve -as a model system for unravelling one of the most fundamental issues, the molecular control of cell fate determination Huber et al., 2009) . Our work within the Collaborative Research Grant (Sonderforschungsbereich, SFB) 488 at the University of Heidelberg from 2000 to 2009 and afterwards within the SFB 592 at the University of Freiburg has targeted the chromaffin cell in this role model. Here, we present a brief account on the most important findings made during this period, how they impact on our perception of chromaffin cell development, and what issues are the next that need to be resolved.
2.
Chromaffin cells originate from the neural crest but are not specified by signals from the adrenal cortex Chromaffin cells, like sympathetic neurons, have long been known to originate from the neural crest (for a review cf. Le Douarin and Kalcheim, 1999) . Following delamination crest cells expressing Sox8 and Sox10 migrate along the ventral migratory route, passing through intersomitic spaces and later, after dissociation of the somites, between dermomyotome and sclerotome and through the rostral sclerotomal mesenchyme (for a review cf. Huber et al., 2009) . At para-aortic sites BMPs 2/4/7 derived from the wall of the dorsal aorta and surrounding mesenchyme, induce crest cells to become precursors of sympathetic neurons and chromaffin cells, socalled sympathoadrenal (SA) progenitors. They can be identified then by their expression of distinct sets of transcription factors, most notably Phox2B (see below), and components of the catecholaminergic synthetic machinery, as, e.g. tyrosine hydroxylase (TH) and dopamine ß-hydroxylase (DBH) (for a review cf. Huber et al., 2009) .
When and how is the characteristic phenotype of chromaffin cells triggered, as opposed to sympathetic neurons? Is it within their final target regions, i.e. adrenal gland, paraganglia, and sympathetic ganglia, where specific environmental cues, for example, high, low, or intermediate levels of adrenocortical hormones can be found and have long been thought to be crucial to the specification of the phenotype? Or is it during migration or even prior to delamination of the crest cells, where the prospective chromaffin cells are specified, but cannot be identified because we lack the appropriate markers? Classic cell culture studies using isolated progenitors from adrenal gland and sympathetic ganglia had convincingly demonstrated that glucocorticoids can suppress neurotrophic factor-induced neuronal traits, notably neurite growth, in SA progenitors suggesting that at least in vitro glucocorticoids play a key role in the specification of the chromaffin as opposed to the sympathetic neuronal phenotype (Unsicker et al., 1978; Anderson, 1993; Michelsohn and Anderson, 1992) . Surprisingly, analysis of the glucocorticoid receptor (GR) knockout mouse revealed that adrenal chromaffin cells, despite the lack of glucocorticoid signaling, were well recognizable by their large secretory ''chromaffin'' granular vesicles as typical chromaffin cells and not replaced by sympathetic neurons (Finotto et al., 1999) . Many molecular markers, which identify the chromaffin phenotype, as, e.g. neuropeptides, transporters, and chromogranin B, were not altered. Notably, since glucocorticoid signaling has long been known to be crucial for the induction of the adrenaline synthesizing enzyme PNMT in mammals, all chromaffin cells in the GR-deficient mice were of the noradrenaline type.
Next, we asked whether adrenal cortical cells might provide other factors than glucocorticoids for specifiying the chromaffin phenotype. However, even elimination of the adrenal cortex anlagen by ablating the steroidogenic transcription factor SF-1 did not abolish the typical chromaffin cell phenotype (Gut et al., 2005) suggesting that adrenal cortical cells did not provide any specific signals for triggering the chromaffin phenotype. Perhaps even more intriguing, chromaffin precursors in adrenal cortex-deficient mice even ''found'' the correct axial localization colonizing the presumptive ''adrenal'' area at the upper pole of the kidney and next to the suprarenal ganglion. However, since about half of the population of chromaffin precursors in SF1 À/À mice remained dispersed in the ''periadrenal'' region, and formed ectopic clusters in heterozygous mice (Lohr et al., 2006 ) it remains to be investigated whether the adrenal cortex might provide attractive cues for guiding chromaffin precursors into the adrenal cortical anlagen.
BMP-4 synthesized by chick adrenal cortical cells and chick as well as mouse periadrenal mesenchyme had also been considered as a candidate for the role of a specifiying factor for chromaffin cells. Thorough combined in vitro and in vivo analyses, however, revealed that BMP-4 ectopically expressed at the site of developing sympathetic ganglia did not induce chromaffin cells within these ganglia at greater numbers than can be normally found in chick sympathetic ganglia (Huber et al., 2008) . BMP-4 expressed by adrenal cortical cells (in chick) as well as periadrenal mesenchyme (chick and mouse) likely serves the induction and further maturation of SA progenitors from crest cells invading the adrenal anlage. Together, the available data suggest that adrenal BMP-4 acts similar to para-aortic BMP in the de novo induction of SA progenitors and subsequently supports maturation of adrenal chromaffin cells.
3.
Roles for glucocorticoid signaling in postnatal chromaffin cell survival
To further delineate the role of glucocorticoids for chromaffin cells we have analyzed intra-and extra-adrenal chromaffin cells in GR DBHCre mutant mice. Deletion of the GR, which becomes effective during late embryonic development, triggered progressive postnatal apoptotic cell death of adrenal medullary chromaffin cells (Parlato et al., 2009 ) and accelerated death of extra-adrenal chromaffin cells in the organ of Zuckerkandl (1901) , which is accompanied by autophagy (Schober et al., 2012) . Exogenously administered glucocorticoids have long been known to prevent the early postnatal death of extra-adrenal chromaffin cells (Lempinen, 1963) . Whether this reflects a pharmacological or physiological role had not been clarified. Using mice with a conditional deletion of the GR gene restricted to cells expressing DBH (GR DBHCre ) we found that postnatal losses of chromaffin cells within the organ of Zuckerkandl are doubled in GR DBHCre mice as compared to wildtype littermates thereby providing the first evidence for a physiological role of glucocorticoids in the maintenance of extra-adrenal chromaffin cells (Schober et al., 2012) . We are now investigating the role of glucocorticoid signaling in extra-adrenal chromaffin cells with blocked autophagy in order to determine whether autophagy is causally linked to chromaffin cells death. We have crossed atg5flox/flox with GR DBHCre mice and find that autophagy is blocked. Preliminary cell counts indicate that blocking autophagy without interfering with GR signaling reduces survival of extra-adrenal chromaffin cells by about 50%. However, additional elimination of the GR does not further increase cell death (Schober et al., in preparation) suggesting that autophagy and signaling through the GR might trigger identical cell survival strategies. Further studies will aim at clarifying mechanisms underlying the survival promoting effect of glucocorticoids for both intra-and extra-adrenal chromaffin cells. Chromaffin cells synthesize and respond to a large number of growth factors, as, e.g. IGF-1, FGF-2, which have been shown to promote the survival of chromaffin cells in vitro and in vivo (Unsicker, 1993) . We will investigate whether glucocorticoids promote chromaffin cell survival via induction of such growth factors and/or cross-talk with their receptor tyrosine kinase signaling pathways, or other mechanisms. Several cross-talk pathways of GC/GR signaling with established GR/MAPK pathways have been described. GR can also activate the NGF receptor trkA, which is expressed by chromaffin cells and, like glucocorticoids, promotes their survival (Unsicker et al., 1987) . Thus, the ongoing studies will hopefully clarifiy mechanisms underlying the role of glucocorticoids in the life vs death decision of chromaffin cells.
4.
Transcription factors operating in chromaffin and sympathetic neuronal progenitors: similarities and differences Following induction by BMP 2/4/7, the early development of the progenitors of chromaffin cells and sympathetic neurons and their final maturation is controlled by a similar network of transcription factors (TF). It includes MASH1/CASH1 the mammalian and chick homologues of the Asc genes in Drosophila, Phox2A and B, Insm1, Hand2 and Gata 2 and 3 ( Guillemot et al., 1993; Pattyn et al., 1999; Howard et al., 2000; Wildner et al., 2008 ; for a review see Huber et al., 2009 ). The most important of these TF for the generation of sympathetic neurons, but also for chromaffin cells, is probably Phox2B. Phox2B has been implicated in synchronizing pan-neuronal and catecholaminergic phenotypic traits in the SA cell lineage; most importantly, it induces the other known components of the TF network, except MASH1. Even so, maintenance of MASH1 is dependent on Phox2B. While mice with a homozygous deletion of the Phox2B gene lack sympathetic ganglia at E13.5, chromaffin progenitors identified by their expression of b-galactosidase invade the adrenal and can be found until E16.5, albeit at reduced numbers . Since these cells fail to undergo any further differentiation in terms of ultrastructure and typical markers, lacking, inter alia, Phox2A, dHand, TH, c-ret and NCAM, Phox2B evidently regulates very early steps in chromaffin progenitors, possibly even prior to steps regulated by MASH1.
Expression of MASH1 and its chick homologue Cash1 starts immediately once neural crest cells have assembled at the dorsal aorta, but is transient in both chromaffin and sympathetic neuronal derivatives (Guillemot et al., 1993; Huber et al., 2002) . Mice which are null for MASH1 show severe impairments in the development of sympathetic ganglia; most sympathetic neurons are eliminated. In contrast to an initial study, which had reported that adrenal chromaffin cells were hardly affected (Guillemot et al., 1993) , we found that MASH1 is apparently required for the execution of a normal differentiation program in a majority of chromaffin cells (Huber et al., 2002) . Lack of MASH1 did not abrogate immigration of neural crest cells into the adrenal anlagen and even permitted subsequent induction of Phox2B. However, in the absence of MASH1 Phox2B failed to initiate expression of TH and DBH in most adrenal SA progenitors; two-thirds of these cells died before birth. A minority of chromaffin cells (15-20%) survive and maturate, at least until birth, and even express the adrenaline synthesizing enzyme PNMT (Huber et al., 2002) . Together, these observations suggest that a majority of chromaffin cells, similar to sympathetic neurons, requires MASH1 to transit from neuroblast to mature stage. Differences between chromaffin cells and sympathetic neurons in terms of MASH1 dependency concern the timing of their death and Phox2B expression, which occurs in chromaffin, but not sympathetic neuronal progenitors. Thus, both analyses, of MASH1 and Phox2B deficient mice, suggest that the SA progenies found in sympathetic ganglionic and adrenal anlagen are neither identical nor fundamentally different in their requirements of the two TF. Whether the distinct requirements reflect operations of different inherent or environmental cues remains to be clarified.
Step-by-step addition of new TF candidates to the developmental scenario of SA cells is unlikely to resolve the mechanisms underlying the specification of the distinct phenotypes of chromaffin and sympathetic neuronal cells. However, progress in understanding the distinct TF requirements of chromaffin and sympathetic neuronal precursors may come from an in-depth biological systems analysis of the TF network.
Specification of chromaffin cells prior to target encounter
Presumptive adrenal chromaffin cells, in contrast to presumptive sympathetic neuroblasts, lack neurofilament-M (NF-M) expression and do so already prior to the formation and colonization of the adrenal anlage in the E5 (HH stage 26) chick embryo . At this stage the NF-M mRNA negative, TH-mRNA positive presumptive chromaffin cells mostly reside within an area lateral to the dorsal aorta, whereas cells with strong NF-M mRNA expression are located preferentially in positions dorsal and ventral to the aorta. Using SF-1 as a marker for visualizing presumptive adrenal cortical cells, it is evident that at this stage the majority of TH-positive NF-M negative cells are located dorsal and medial to the SF-1 positive cells, but not within the SF-1-positive group of cells. This suggests that presumptive chromaffin cells are already specified, at least with regard to the NF-M negative phenotype, prior to entering the adrenal cortical environment. Where does this specification occur?
There is increasing evidence that not only presumptive chromaffin cells, but also other neural crest derivatives, may be already fate-restricted prior to their delamination and emigration from the dorsal NT. Thus, sympathetic neurons, dorsal root ganglion neurons, and melanocytes have been shown to delaminate from the NT in sequential, largely non-overlapping waves (Krispin et al., 2010) . The sequential exit from the dorsal NT is accounted for by a corresponding ventral to dorsal relocation of progenitors within the NT supporting the notion of a dynamic fate map of neural crest derivatives within the premigratory domain of the neural tube, thereby linking the topography of premigratory progenitors with cell delamination, and cell fate. Based on these studies, we hypothesized that specification of chromaffin and symypathetic neuronal progenitors might also be settled already prior to their delamination from the neural tube. We performed single cell electroporations of GFP-DNA into the dorsal midline of the neural tube of E2 chick embryos at the level of somites 18-24, where presumptive adrenal chromaffin cells and sympathetic neuroblasts are about to delaminate. Analysis of their migration into and colonization of adrenal gland and sympathetic ganglia at E6 revealed that 87% of the progeny from a single electroporated NC cell ended up in both locations (Shtukmaster, Schier et al., unpublished) , supporting the notion of a common neural crest progenitor for sympathetic neuronal and chromaffin derivatives of the SA cell lineage. These findings are also consistent with the strong similarities of both derivatives in the transmitter synthesizing machineries (Unsicker, 1993) , growth factor receptor repertoires (Schober et al., 1997; Allmendinger et al., 2003) , and transcription factor networks (Huber et al., 2002 . Further analyses of the phenotypes of the electroporated cells after migration revealed that the vast majority of cells located within the adrenal gland expressed no or very low levels of NF-M mRNA along with TH, whereas progenitors that had ended up in sympathetic ganglia were robustly NF-M mRNA and TH positive. Together, these data suggest that specification of the respective neuronal and neuroendocrine phenotypes must occur subsequent to delamination and prior to target organ colonization, i.e. during migration. Strategies and initial solutions towards solving the question, which mechanisms underlie the segregation of the neuronal and neuroendocrine phenotypes will be presented in the next chapter.
Hypothetical scenarios for chromaffin phenotype induction
One hypothesis underlying our current research is that the decision of SA progenitors to become either sympathetic neurons or chromaffin cells may depend upon Notch-mediated lateral inhibition and/or asymmetric cell division (Fig. 1) . Along this line, we have begun to localize the sites of expression of different members of the Notch family and respective ligands in migrating NC cells and SA progenitors. Preliminary in-situ-hybridisation (ISH) data revealed the expression of Delta1 and Notch1 in subsets of ventrally migrating neural crest cells, at the dorsal aorta and in a subset of cells positive for the neural crest glycotope marker HNK1 ventral to the adrenal anlage. Once cells positive for HNK1 colonize the adrenal anlage, marked by SF1, they are negative for both Notch1 and Delta1 suggesting that Notch-Delta interactions take place during migration or in the location of initial induction of SA progenitor properties (Nitzan and Kalcheim, unpublished) . Along the same line, using a HES1-GFP reporter as a readout of Notch activity, the Kalcheim laboratory has preliminary evidence that a subset of ventrally migrating progenitors co-express HES1-GFP substantiating the notion that subsets of migrating crest cells activate Notch. Concerning the possibility that asymmetric cell divisions may account for generating the distinct phenotypes of sympathetic neurons and chromaffin cells, we found that SA progenitors transcribe Inscuteable/dlg1 that is responsible for changing cell divisions into a perpendicular orientation (Konno et al., 2008) , a process that may affect the shift between symmetric to asymmetric mitoses. From the gain-and loss-of-function studies of Notch family members and Inscuteable/dlg1 and its partners (LGN, Numa, Gi) we will learn, whether, as expected, Notch signaling causes a bias in the proportions of sympathetic neurons versus chromaffin cells in the SA cell lineage. These studies will be conducted by electroporating respective constructs into the neural tube, possibly exploiting the tet-on/tet-off system, and following migration and phenotype development of delaminating sympathoadrenal cells In summary, more than a decade of studies has significantly broadened our perception of the molecular networks governing the development of chromaffin cells, the neuroendocrine relative of sympathetic neurons, which are both so similar to, and, at the same time, so different from each other.
